A new class of high energy molecules was designed and their detonation properties were evaluated using thermo-chemical parameters obtained from quantum chemical calculations at B3LYP/6-31G(d,p) level. The designed molecules exhibited high density, positive oxygen balance and excellent detonation properties. The impact sensitivity of these molecules, in terms of H50 values, was also evaluated from structural correlations. Among these, 3,4,5-tris(trinitromethyl)-1H-pyrazol-1-amine (N13) showed the highest detonation pressure (40.67 GPa) and highest detonation velocity (9.17 km/s), though it exhibited high impact sensitive (H50 = 15 cm). Interestingly, 4,5-dinitro-3-(trinitromethyl)-1H-pyrazol-1-amine (N01) (detonation pressure 39.69 GPa; detonation velocity 9.23 km/s) was found to be an ideal high energy molecule with a near zero oxygen balance. The H50 value of N01 was predicted to be 64 cm, which is higher in magnitude, indicating a lower sensitivity than that of the conventionally used RDX (H50 = 26 cm).
Introduction
Eco-friendly materials with thermal stability, impact insensitivity and enhanced detonation performance are needed for future high energy materials (HEMs)
Heat of Formation
The atom equivalent method by Rice et al. [16] was employed to calculate the gas phase heats of formation (HOF): (1) where E is the quantum mechanically determined electronic energy of a molecule, n j is the number of atom type j contained in the molecule and ε j is the atom equivalent energy. The geometries of all molecules were optimized at B3LYP level using 6-31G(d) basis set and the minimized energy was used to obtain gas phase HOFs. According to Hess's law of constant heat summation, the solidphase HOF was calculated by subtracting the heat of sublimation (ΔH sub ) from the gas phase HOF. Politzer et al. [22, 23] established a correlation between electrostatic potential (ESP) mapped onto the isodensity surface of isolated molecules and their heat of sublimation as: (2) where SA is the surface area of the 0.001 electron/bohr 3 isosurface of the electron density of the molecule, σ 2 tot is a measure of the variability of the electronic potential on the surface, and ν is the degree of balance between the positive and negative charges on the isosurface. These descriptors were calculated using Multiwfn, a multifunctional wave function analyzer developed by Lu et al. [24] . a, b and c were constants having values 0.00042343, 2.5793785 and -6.7335407, respectively.
Condensed phase heats of formation were also evaluated using the empirical method reported by Jafari et al. [25] for high nitrogen content materials (Equation 3): (Δ f H c̊)B3LYP = -57.28 + 0.9350(Δ f H g̊)B3LYP + 27.86 (3) where (Δ f H c̊)B3LYP is the condensed phase heat of formation and (Δ f H g̊)B3LYP is the heat of formation in the gaseous state calculated by B3LYP/6-31G*.
where P is detonation pressure in GPa, D is detonation velocity in km/s, N is the number of moles of gaseous detonation products per gram of explosive, M is the average molecular weight of the gaseous products, Q is the chemical energy of detonation in cal per gram of explosive and ρ is the density in g/cm 3 . Theoretical density was obtained by dividing the molecular weight M with the average molecular volume (V m ). V m was estimated from inside the contour of 0.001 electron/bohr 3 density by Monte Carlo integration. Subsequently, the crystal density was calculated using the equation by Politzer et al. [26] , which includes the interaction index νσ 2 tot :
Chemical energy of detonation was calculated by a detonation reaction based on the Kistiakowsky-Wilson rule [27] using the equation:
where ΔE 0 is the change in total energy between reactant and product at 0 K, ΔZPE is the difference between the zero-point energy of the products and that of the reactant, ΔH T is the thermal correction from 0 K to 298 K and Δn is the difference in number of moles of reactants and products. R is the gas constant and T the absolute temperature. Oxygen balance (OB), which provides information about the chemical composition of a compound and does not yield any information about its structure, is an important parameter for the evaluation of detonation performance and was calculated using the method reported by Kamlet and Adolph [28] .
Recently, Jafari and Keshavarz [29, 30] reported an improved and simple method to calculate the detonation pressure and detonation velocity using the 
Thermodynamic Properties
Gibbs free energy of formation [31] , enthalpy of fusion [32] , entropy of fusion [33] , enthalpy of sublimation [34] , melting point [35] and deflagration temperature [36] of the molecules under investigation in this study, were calculated using the empirical relationship reported by Keshavarz et al. [31] [32] [33] [34] [35] [36] .
Stability and Sensitivity
Even though impact sensitivity measurements are crude qualitative estimates, they are extremely important for understanding the factors that govern sensitivity [37] . Several methods have been reported to predict the impact sensitivity of nitro compounds [17, [38] [39] . Zhang [40] reported a nitro group charge method (NGCM) to predict the molecular stability and impact sensitivity of nitro compounds. The nitro group charge (Q nitro ) is the algebraic sum of Mulliken charges of all three atoms of a nitro group and the average value for Q nitro can be calculated by using the following equations:
Drop-weight impact sensitivity (H 50 , cm) is the parameter used to define the sensitivity of high energy compounds, which can be predicted from the molecular structure correlation. Keshavarz [41] has given a general correlation for predicting impact sensitivity of energetic compounds containing nitropyrazoles and can be calculated using the equations:
(logH 50 ) core = -0.584 + 61.62à + 21.53b + 27.96c (14) 
where à, b and c are the number of carbon, hydrogen and nitrogen atoms divided by the molecular mass of the energetic compound. F + and F -are factors for specific molecular moieties responsible for increasing or decreasing the value of (logH 50 ) core . F + and F -values for the nitropyrazoles were reported by Keshavarz [41] and the same were used to predict the impact sensitivity of the present designed molecules.
Results and Discussion

Electronic Structure
Fourteen different molecules, obtained by substituting one, two or three nitro groups attached to carbon atoms in (a) 1,3,4,5-tetranitropyrazole and (b) 1-amino-3,4,5-trinitropyrazole ( Figure 1 ) with trinitromethyl groups, were selected for this study. All configurations were optimized using RHF/6-31G(d,p) basis set and are listed in Table S1 , Supporting Information. There are three possible structures for single substitution of a trinitromethyl group in (a) as well as in (b). Similarly three possibilities exist for di-substitution. From the set of the three possible structures in each case, the one with minimum energy was selected for further investigation (Table S1 ). For tri-substitution, only one structure is possible in each of (a) and (b). In total six structures were selected for further evaluation of their detonation properties. The optimized structures of these molecules at B3LYP/6-31G(d,p) level are shown in Figure 2 . Frequency calculations were performed to calculate their thermo-chemical properties and to ensure the absence of negative frequencies, indicating the stability of the molecules. Significant bond lengths for these molecules are given in Supporting Information (Table S2 ). The N-N bond lengths for N01, N04, N07, N10, N13 and N14 were 1.3895 Å, 1.4979 Å, 1.3909 Å, 1.5340 Å, 1.3880 Å and 1.5705 Å, respectively. In the cases of N01, N07 and N13, the N-N bond lengths correspond to the N-NH 2 group whereas in N04, N10 and N14 it corresponds to the N-NO 2 group. The higher bond length in the case of N-NO 2 shows that it is a weaker bond, and the increasing bond length with trinitromethyl substitution indicates increasing impact sensitivity in the molecule on substitution. 
Heat of formation (HOF)
The solid phase heat of formation ΔH f (s), is an important parameter for assessing the detonation performance of energetic materials, and was evaluated by subtracting the heat of sublimation from the gas phase HOF (method 1) [16] . Electrostatic potential (ESP) parameters, solid phase HOFs (ΔH f (s)) and gas phase heats of formation (ΔH f (g)) were used for calculating the heats of sublimation, and the latter are listed in Table 1 .
All of the molecules under study were found to have high positive HOFs, attributed to the presence of the trinitromethyl group(s). It may be seen from Table 1 that gas phase HOFs increase with an increase in number of trinitromethyl group substitutions. Also, the heat of formation of molecules containing the N-NO 2 bond (N04, N10 and N14) were comparatively higher than those for molecules containing the N-NH 2 bond because of the higher energetics associated with the N-NO 2 bond. The gas phase HOFs of N13 and N14 were very high compared to the other molecules, probably due to the high degree of steric hindrance from the three trinitromethyl groups.
Additionally the HOFs were also determined using the method reported by Jafari et al. [25] (method 2) and these results are also listed in Table 1 . It was observed that the gaseous HOFs obtained using both methods were comparable, however the condensed phase HOFs estimated by method 2 were higher than those obtained by method 1
In order to validate the methods used for calculating HOFs, ΔH f (s) of RDX and 1H-tetrazole were calculated by both methods and compared with their experimental values. It was noted that the HOFs for both the molecules obtained by method 1 were comparable to the experimental values, whereas the values [20, 25] obtained using method 2 estimated a higher HOF for RDX. It was observed that though method 2 is reliable for the high nitrogen content materials for the majority of molecules, for a few molecules it tends to overestimate the HOF. The relative deviation in the HOF reported for the molecules 1,3,5-triazine-2,4,6-triamine, 3-(5-amino-1H-tetrazol-1-yl)propanenitrile, 4,4'-hydrazobis-(1,2,5-oxadiazol-3-amine) and 1H-tetrazol-1-amine, using method 2 were 84.9%, 36.3%, 54.2% and 41.9%, respectively.
Detonation properties
Detonation properties of the designed molecules were calculated using the Kamlet-Jacob method [18] as well as the improved method reported by Jafari and Keshavarz [29, 30] . The thermo-chemical properties obtained from the quantum chemical calculations for the molecules under study are listed in Supporting Information (Table S3 ). The detonation properties, for example oxygen balance, chemical energy of detonation, density, detonation pressure and detonation velocity are listed in Table 2 . Oxygen balance is the parameter that determines the degree to which an explosive can be oxidized. Although a positive oxygen balance is better for the performance of an explosive, an excess of oxygen is not favourable as additional oxygen in the molecule will produce oxygen that takes away a significant amount of energy during the explosion. Hence, ideally, the oxygen balance should be near zero. In the present study, the oxygen balance of all molecules was found to be positive. Molecule N01 showed the lowest oxygen balance, 4.97%, and N14 showed the highest, 22.86%.
Two important parameters that determine the detonation performance of energetic materials are detonation velocity and detonation pressure. The Kamlet-Jacob equation is a reliable method for predicting the detonation velocity and detonation pressure of energetic molecules and has been proven by several studies [42] [43] [44] . Density, an important parameter in the Kamlet-Jacob equation, is critical in the evaluation of the detonation performance of HEMs.
Politzer et al. [25] reported an error of 0.050 g/cm 3 in the estimation of density for many compounds, as the method does not account for intermolecular interactions within the crystal. Hence, an improved equation was used for predicting the density, by including the interaction index ν(σ tot ) 2 . From the values shown in Table 5 , it was observed that the detonation performance of the molecules with an N-NH 2 bond increases with the increase in trinitromethyl substitution. N13 had the highest detonation pressure and detonation velocity. This trend was not followed in the case of molecules containing an N-NO 2 group, where the detonation performance decreased on di-substitution and then increased on further substitution, probably due to the density which followed a similar trend. According to the Kamlet-Jacob equation, detonation properties are directly dependent on density. The density of the molecules containing an N-NH 2 group increased with increasing substitution, as each substitution increased the molecular weight by 104 and the volume increased correspondingly, resulting in the increased density, whereas in the case of the molecules containing an N-NO 2 group, the second substitution was near to the N-NO 2 group and, due to steric hindrance, the increase in volume was greater than the increase in molecular weight, resulting in a lower density. The detonation properties are dependent on many factors, such as oxygen balance, density, strain in the molecule, substitution of energetic groups, etc. and it is not possible to correlate the properties based on one parameter alone. It was reported that detonation properties for N-NO 2 containing molecules are better than N-NH 2 containing molecules [45] . In the present study, the values of detonation pressure and detonation velocity are marginally higher for N-NO 2 containing compounds than for N-NH 2 containing compounds. In order to validate our calculations, the properties of RDX were calculated and compared with experimental values. The calculated detonation pressure and detonation velocity of RDX were 34.23 GPa and 8.86 km/s, respectively, which was in close agreement with the experimental values of 34.00 GPa and 8.75 km/s reported by Talawar et al. [3] . The detonation properties of molecules N01, N07, N13, and N14 were comparable or better than RDX.
The detonation pressure and detonation velocity obtained by the improved method are also reported in Table 2 . It was evident from these results that the detonation properties calculated using the new method were comparable with those obtained by the Kamlet-Jacob method. As expected, the Gibbs free energy, enthalpy and entropy were found to be increased by increasing trinitromethyl substitution. The melting points are on the higher side for the molecules with an N-NH 2 group, indicating their stability relative to the molecules with an N-NO 2 group. All the molecules had deflagration temperatures in a similar range and below their melting points, except for N04.
Stability and sensitivity
The stability of HEMs is mainly described by their total energy, bond lengths, bond dissociation energy, frontier orbital energy, band gaps as well as charge on the nitro group. Of all these parameters, band gap and charge on the nitro group are prominent and easy to calculate from the Mullikan charge. In the present study too, the stability of the molecules was investigated by means of band gap and nitro group charges (Q nitro ), and the results are listed in Table 4 . A more negative value of the nitro group charge indicates a more stable molecule. Band gap for all of the molecules was high in comparison to RDX (0.105). Of the six molecules, N01 had the highest nitro charge whereas N14 had the lowest charge, which was comparable to that of RDX. N14 had three trinitromethyl groups, which were responsible for the week N-NO 2 bond, resulting reduced stability.
The impact sensitivity itself is a sensitive term in the area of explosives. A high level of detonation with a low degree of sensitivity may not always be ideal, as pointed out by Licht [46] , but it was observed that high performance was generally accompanied by high sensitivity. Politzer et al. [47] addressed the issue in detail. Sensitivity is dependent on many parameters, such as heat release during detonation, free space per molecule in the crystal lattice etc., but correlation parameters such as H 50 (cm) values will give trends in similar types of molecule. H 50 (cm) refers to the height from which a hammer of standard weight falling upon the explosive will lead to a 50% probability of detonation. The impact sensitivity of all of the molecules in this study were calculated in terms of H 50 (cm) using the correlation given by Keshavarz [41] , and the results are listed in Table 4 . N01 was predicted to be more impact insensitive among all the designed molecules, having an H 50 value of 64 cm. N10 and N14 had H 50 values of 5 cm and 4 cm, respectively, suggesting the high impact sensitivity of these molecules. 
Conclusions
The electronic structure, detonation properties, stability and impact sensitivity of a new class of HEMs were studied computationally. The designed HEMs exhibited high detonation pressure and detonation velocity with positive oxygen balance. Due to the high positive oxygen balance in some of the new compounds, it should be expected that they show high sensitivity to some external stimuli, e.g. impact. As expected, N04, N10 and N14 displayed low H 50 values indicating high impact sensitivity due to weak N-NO 2 bonds and could be unstable molecules. Interestingly, N01 was found to be a promising HEM with near zero oxygen balance, with a detonation pressure of 37.33 GPa, a detonation velocity of 9.034 km/s and an H 50 value of 64 cm, whereas N13 displayed an oxygen balance of 17.54% with the highest detonation pressure and velocity of 40.67 GPa and 9.173 km/s, respectively, which make N13 a suitable candidate as an eco-friendly
